NASA-TM-I07098 A recent review article on alloy surfaces and surface alloys [1] , indicates that crystallographic studies are very limited -a few tens of binary systems and practically no ternary and higher systems -as are also theoretical predictions of general trends. The shortage is particularly noticeable for surface alloys. The recent finding of a single layer surface alloy of Au deposited on Ni(llO) [2] reaffirms the need for a better understanding of surface alloying and its consequences for related fields. Theoretical studies of this problem are also few and limited. Recently, with the advent of semiempirical methods, some interesting results contribute to a deeper insight of the surface structure of such systems. In this work we apply the BFS method for alloys [3] to the study of a group of systems to further verify the validity of the approach and to extract general rules to predict the behavior of more complex systems.
The group of elements chosen -AI, Ni, eu and Au -have been tested with the BFS method in a variety of applications raising confidence in the parameterization used in this work.
II. The BFS Method
The simulations quoted in this work are heavily based on a previous study of Au on Ni(llO) [4] , where we provided enough theoretical evidence to explain the surface alloying of these immiscible metals at low coverage, in agreement with experiment and an Effective Medium Theory examination of this phenomenon [2] . For the sake of brevity we refer the reader to previous papers on BFS and its application to alloy surface structure [4] . In particular, Ref. 4 provides details on the BFS method, the approach used in the simulation, its advantages and shortcomings.
The choice of elements studied was based on numerous successful applications of BFS, ranging from the defect structure of NiAI [5] , segregation profiles of Cu-Ni alloys [6] , the surface structure of Cu-Au and Ni-AI alloys [3] , growth patterns of Au/Ni(HO) [4] , and the analyisis of ternary and quaternary alloys of these elements [7] .
The BFS method is based on the idea that the energy of formation of an alloy is the superposition of individual contributions Ei of non-equivalent atoms in the alloy [3]:
Ei has two components: a strain energy E S , computed with equivalent crystal theory (ECT) [3] , that accounts for the actual geometrical distribution of the atoms surrounding atom i, computed as if all its neighbors were of the same atomic species, and a chemical energy Where no experimental results are available, the BFS predictions are compared with other faces. A summary of the results is presented in Table 1 .
AI-Ni.
The most comprehensive work on this system is that of Lu et al. [8] who found that slow vacuum deposition of Al onto unheated Ni(lOO) produces partially-ordered oneand two-layer thin epitaxial Al films. Slow deposition onto a hot Ni(lOO) substrate produce well-crystalized epitaxial films of Ni3AI(100). The alloy is not confined to just the surface layer, hence it is not a surface alloy. Deposition of Ni on AI(lOO) does not result in an ordered alloy.
The results of the BFS simulation -for AI/Ni(llO) and Nil AI(llO) -largely follow a similar pattern to that found experimentally for the (100) faces. For very low Al coverages on Ni(llO), the lowest energy states correspond to the insertion of Al atoms in the surface plane, tending to align patches of Ni3AI (110) AI-Cu. Barnes et al. [9] examined the growth ofCu films on AI (ll1) and (100), focusing on temperature dependent growth mechanisms. At 120 K growth was epitaxial with defects on AI(ll1) and disordered on AI(100), presumably due to higher roughness on the (100) surface. At 375 K, there is some, but not definitive evidence of intermixing at low coverages on both surfaces with the possibility of an ordered alloy on the (111) surface. At higher coverages (2 ML) the Cu film is epitaxial on the (111) surface and disordered on the rougher (100) surface. These results suggest that the growth on the rougher (110) Hansen et al, using photoelectron diffraction and photoelectron spectroscopy, report the formation of a surface alloy (for low coverages, up to 0.5 ML) for Au/Cu(lOO) and its transformation or segregation into a eu overlayer (1 ML) at room temperature [11] . Wang et al. [13] reported that the two top layers of this system form two layers of CU3Au(100).
For Au/Cu(llO), the only experimental evidence available was provided by Fujinaga et al. (11] , which found a similar ordered phase on the surface corresponding to the (110) surface of the bulk CU3Au alloy.
The BFS results predict similar behavior for the Au/Cu(lOO) in the (110) Cu-Ni. Epitaxial layers of Cu on Ni(100) and the sandwich Ni-Cu-Ni(100) system have been studied by photoelectron diffraction [14] , finding that the 'buried' Cu layer tends to diffuse rapidly onto the top layer at temperatures significantly lower than those needed for the mobility of bulk vacancies. The opposite approach, depositing Ni on Cu(100), was investigated by Alkemade et al. [15] suggesting partial incorporation of Ni atoms in the Cu layer during deposition. Their work leads to a model for the formation of stable CuNi surface alloys on a Cu(100) substrate at high temperatures, in which both Cu (by segregation or by surface diffusion from regions which are not yet covered) and Ni (from the gas phase) are continuously incorporated in the outermost one or two atomic layers. Our BFS' simulation results are not directly compara.ble to the experimental situation reported by Alkemade et al. [15] in that no growth beyond one single overIayer is allowed, added to the fact that no temperature effects are included in the calculation. However, the BFS results for Ni/Cu(llO) do indicate a tendency towards the formation of a two layer Cu-Ni alloy in the outermost two layers as configurations where Cu and Ni atoms mix are energetically favored against those
where Ni atoms form a thin film on the Cu(llO) substrate with no intermixing. A similar effect is observed in the Cu/Ni(110) case, for which no experimental data is available for comparison. We would expect that entropic effects can only lower the free energy increasing the likelihood for the formation of a thin CuNi film on Cu(llO), as is also observed on the (100) case. Moreover, deposition of Cu on Ni(llO) shows a reversal in behavior to other systems (Au/Ni, Au/Cu, etc.) where the larger atom shows a tendency to substitute smaller substrate atoms in the surface plane. For low coverages, the lowest energy state always corresponds to eu atoms distributed in the overIayer, a trend that continues up to 1 ML coverage. However, configurations that display intermixing of eu and Ni atoms are very close in energy, enough to expect that entropic effects might alter that delicate balance.
Au-AI.
No experimental data is available for this system. The Au-AI system is the only one of the 12 reported in this work where heats off ormation are negative for both Au/ AI(llO) and AI/Au(llO) except for very low coverages. A1/Au(llO) is characterized by the fact that for all coverages, adatoms tend to group in the overlayer with no intermixing, whereas for Au/ AI(llO) a very distinct pattern, only found for this system, is seen: the formation of an AI-Au-AI sandwich consistent with the formation of an ordered alloy of equal concentration of Au and AI. Such a phase is found in the phase diagram, although no specific structure has been recognized for such alloy.
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IV. Conclusions
There is an interest in being able to find a property which will predict the formation of surface alloys [16] . Recently, we and others [2, 4] have proposed that the effective coordination may be such a property (Le. an atom A immersed in a substrate B has the same energy that it would have in an environment with an effective number of A nearest neighbors (rnA)
at equilibrium nearest-neighbor distances). Conversely, an atom A would need to have neff B atoms at such distance in order to simulate the A-bulk environment. These concepts, based on the idea that a given element is in its lowest energy state at the coordination and lattice parameter of its ground state crystalline structure, only account for BFS strain energy effects but can be clearly taken as an indication of the driving mechanisms for surface several layers [10, 11] .Reversible formation of CU3Au(llO) phase transformation: alloying surface for coverage less for low coverages, deaUoying for than 0.5 ML. Formation of coverages greater than 0.5 ML.
Au monolayer above 50 % [11] coverage Au/Cu(llO) CU3Au(110) surface alloy [11] Au/Ni(110) Surface alloy (STM [2]) for low Au/Ni(UO) Complete agreement with expo coverages, dealloying for (see Ref. 4) coverages greater than 0.4 ML Cu/Ni(100) Epitaxial Cu film [14] Cu/Ni(llO) Epitaxial Cu film Ni/Cu(lOO) Partial surface mixing of Cu and Ni/Cu(llO) Formation of a two-layer CuNi Ni atoms. Formation of a CuNi disordered alloy film. film on eu substrate [15] .
AljAu
No experimental data available Al/Au(llO) No intermixing with substrate Au/AI(llO) Formation of an ordered AI-Au-AI sandwich. The BFS method for alloys is applied to the study of surface alloy formation. This method was previously used to examine the experimental STM observation of surface alloying of Au on Ni(llO) for low Au coverages by means of a numerical simulation. In this work, we extend the study to include other cases of surface alloying for immiscible as well as miscible metals. All binary combinations of Ni, Au, Cu and Al are considered and the simulation results are compared to experiment when data is available. The driving mechanisms of surface alloy formation are then discussed in terms of the BFS method and the available results.
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